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HIGHLIGHTS 


•  Co— Mn  alloys  are  deposited  in  chloride  solutions  to  protect  metallic  interconnects. 

•  The  Co— Mn  alloy  is  converted  into  adhesive  spinel  coatings  by  heat  treatment  in  air. 

•  Spinel  coatings  consist  of  an  external  MnCo204  layer  and  an  inner  Cr-rich  layer. 

•  spinel  coatings  inhibit  the  oxidation  of  the  steel  at  800  °C  in  air  and  air-10%H2O. 

•  Spinel  coatings  decrease  the  area  specific  electrical  resistance  of  the  steel. 
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Ferritic  stainless  steels  have  become  the  candidate  materials  for  interconnects  of  intermediate  temper¬ 
ature  solid  oxide  fuel  cell  (SOFC).  The  present  issues  to  be  solved  urgently  for  the  application  of  ferritic 
stainless  steel  interconnects  are  their  rapid  increase  in  contact  resistance  and  Cr  poisoning.  In  the  present 
study,  a  chloride  electrolyte  suspension  has  been  developed  to  electro-deposit  a  Co-Mn  alloy  on  a  type 
430  stainless  steel,  followed  by  heat  treatment  at  750  °C  in  argon  and  at  800  °C  in  air  to  obtain  Co-Mn 
spinel  coatings.  The  experimental  results  indicate  that  an  adhesive  and  compact  Co-Mn  alloy  layer  can 
be  deposited  in  the  chloride  solution.  After  heat  treatment,  a  complex  coating  composed  of  an  external 
MnCo204  layer  and  an  inner  Cr-rich  oxide  layer  has  been  formed  on  430SS.  The  coating  improves  the 
oxidation  resistance  of  the  steel  at  800  °C  in  air,  especially  in  wet  air,  and  inhibits  the  outward  diffusion 
of  Cr  from  the  Cr-rich  scale.  Moreover,  a  low  contact  resistance  has  been  achieved  with  the  application  of 
the  spinel  coatings. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cell  (SOFC)  is  a  promising  candidate  for  energy 
conversion  due  to  its  advantages  of  high  efficiency  and  reduced 
emissions  over  the  traditional  energy-conversion  systems.  The 
progress  in  the  fabrication  technology  of  SOFCs  has  made  it  possible 
to  reduce  the  operating  temperature  of  cells  from  the  initial  1000  °C 
to  the  intermediate-temperature  range  of  600-800  °C  without 
compromising  the  performance  [1—3].  In  consequence,  some 
relatively  cheap  Cr203-forming  alloys  such  as  ferritic  stainless 
steels  could  be  used  as  interconnects  in  replacement  of  expensive 
ceramics  [4-8]. 
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In  addition  to  feasible  and  low-cost  fabrication  of  interconnects, 
metals  also  have  excellent  thermal  and  electrical  conductivity  in 
comparison  with  ceramics.  The  main  obstacles  for  the  application 
of  chromia-forming  alloy  interconnects  are  the  fast  increase  of  area 
specific  resistance  (ASR)  induced  by  the  oxidation  of  metallic  in¬ 
terconnects  and  the  poisoning  of  the  porous  cathode  caused  by 
volatile  Cr  species  from  the  chromia  scale  [9-12].  Several  tech¬ 
nologies  including  alloy  bulk  composition  modifications,  surface 
treatments  and  protective  coatings  have  been  attempted  to  over¬ 
come  these  problems.  Among  these  approaches,  applying  protec¬ 
tive  and  electrically  conductive  coatings  is  a  simple  and  effective 
method.  Up  to  now,  various  coating  materials  have  been  investi¬ 
gated  in  an  attempt  to  decrease  the  growth  of  oxide  scales  and 
inhibit  the  volatilization  of  Cr  species  from  the  Cr-rich  scales  while 
maintaining  a  low  ASR.  The  state-of-art  coating  materials  mainly 
include  reactive  element  oxides  13,14  ,  conductive  perovskites 
[15,16  ,  MAlCrYO(M  represents  a  metal  such  as  Co,  Mn,  and/or  Ti) 
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oxidation  resistant  systems  [17,18  ,  conductive  spinels  [19-22]  and 
conductive  composite  spinels  23,24],  among  which  conductive 
perovskites  and  spinels  have  attracted  significant  attention. 
Recently,  Shaigan  et  al.  [25]  and  Wu  et  al.  [26]  presented  a 
comprehensive  review  of  progresses  in  coatings,  surface  modifi¬ 
cations  and  alloy  developments  for  the  metallic  interconnects  of 
SOFC,  respectively. 

In  addition  to  the  advantages  of  good  electrical  conductivity  and 
thermal  compatibility,  rare  earth  perovskite  coatings  may  decrease 
the  oxidation  rate  and  improve  the  scale  adhesion  by  supplying 
reactive  elements  to  the  underlying  thermally  grown  oxide  scale. 
However,  perovskites  are  unsuitable  for  protective  purposes  due  to 
the  fact  that  they  are  ionically  conductive  in  nature  and  may 
transport  oxygen  ions,  and  thus  their  coatings  cannot  substantially 
inhibit  Cr  migration  or  absorb  migrating  Cr  species  [25].  When 
lanthanum  chromite  (LaCrOs)  is  exposed  directly  to  the  wet  air,  it 
still  releases  volatile  Cr  species,  although  at  a  rate  three  orders  of 
magnitude  lower  than  that  for  Cr203(s),  leading  to  an  unaccepted 
degradation  in  cell  performances  [27,28]. 

Recently,  spinel  coatings  have  received  wide  attention  due  to 
their  advantages  of  good  electrical  conductivity,  excellent  coeffi¬ 
cient  of  thermal  expansion  (CTE)  match  with  the  ferritic  stainless 
steel  substrate  and  other  cell  components  such  as  anode  and 
cathode,  and  high  capability  for  absorbing  Cr  species  that  migrate 
from  the  Cr203-rich  scale  to  the  scale  surface  [25  .  Slurry  [29-31] 
and  electrodeposition  methods  [22,32]  have  been  the  main  tech¬ 
niques  for  preparing  spinel  coatings  on  stainless  steel  substrate. 
Slurry  coating  processes  mainly  including  spraying  [29  ,  screen 
printing  [30]  and  plasma  spraying  [31  are  simple  and  can  produce 
thick  coatings,  but  the  coatings  are  usually  porous  and  these 
techniques  have  limitations  regarding  homogenous  layer  thickness 
in  the  case  of  complex  shaped  interconnects.  Electrodeposition  of 
metal  or  alloy  layers  followed  by  oxidation  treatment  to  obtain 
thermally-grown  spinel  layers  on  the  steel  substrates  has  been 
considered  as  an  advantageous  method  for  preparing  spinel  coat¬ 
ings.  Electrodeposition  method  exhibits  the  advantages  of  better 
coating-substrate  bonding,  denser  spinel  layer  and  easier  thickness 
control  of  spinel  layer  in  comparison  with  slurry  method. 

Bateni  et  al.  [31  prepared  a  dense  and  adhesive  Co-Mn  spinel 
coating  on  UNS  430  stainless  steel  by  electrodepositing  Co  and  Mn 
layers  sequentially,  followed  by  oxidation  treatment  at  750  °C  in  air. 
The  coating  showed  good  adhesion  to  the  substrate  during  oxida¬ 
tion  tests  in  air.  However,  the  chemical  composition  is  inhomoge¬ 
neous  in  the  coating  along  the  depth  direction.  Direct 
electrodeposition  of  a  Co-Mn  alloy  using  direct  current  (DC)  [33]  or 
pulse  plating  [34  method  has  the  potential  to  solve  the  chemical 
inhomogeneity  within  the  spinel  scale.  Wu  et  al.  [33]  investigated 
DC  co-deposition  of  Mn-Co  alloys  on  stainless  steels  for  SOFC 
interconnect  application.  The  Mn-Co  alloy  coatings  can  be  oxidized 
to  be  fully  dense  spinel  coatings,  which,  however,  are  enriched  in 
Mn,  possibly  due  to  the  fast  outward  diffusion  of  Mn  from  the 
substrate.  Pulse  plating  helps  to  improve  the  formation  of  alloys 
[34]. 

Mn  has  a  very  low  reduction  potential  of  Eo(Mn2+/ 
Mn)  =  -1.42  V  vs.  a  saturated  calomel  electrode,  which  is  the  most 
electronegative  metal  that  can  be  electrodeposited  from  aqueous 
solutions.  Industrially,  coatings  made  of  manganese  and  its  alloys 
are  usually  obtained  by  cathodic  reduction  of  manganese  sulphate 
and  chloride  together  with  corresponding  ammonium  salts  [35]. 
Industrial  electrodeposition  of  Co  is  usually  conducted  in  sulphate 
electrolytes,  with  limited  reports  on  chloride  electrolytes  [36].  The 
advantages  of  using  chloride  electrolytes  with  respect  to  sulphate 
include  higher  electrical  conductivity  in  the  electrolytes,  lower 
overpotential  for  deposition  of  Co,  lower  anodic  overpotential  and 
higher  cathodic  current  efficiency.  The  disadvantages  of  using 


chloride  electrolytes  are  the  generation  of  toxic  anodic  gas  and 
higher  stress. 

In  the  present  investigation,  chloride  electrolytes  have  been 
used  to  co-deposit  dense  and  adhesive  Co-Mn  alloys  in  an  attempt 
to  prepare  Co-Mn  spinel  coatings  for  ferritic  stainless  steel 
interconnects. 

2.  Experimental  procedures 

2.1.  Preparation  of  Co-Mn  spinel  coatings 

In  this  study,  a  type  430  stainless  steel  (430SS)  was  used  as 
substrate  alloy,  whose  chemical  composition  is  Fe-17.0Cr-l.0Mn- 
1.0Si-0.12C-0.03S-0.04P  (mass%).  The  steel  plates  were  cut  into 
sheet-shaped  specimens  with  a  size  of  10  mm  x  15  mm  x  2  mm, 
followed  by  grinding  with  up  to  600-grit  SiC  paper,  sandblasting 
with  an  air-blast  machine,  and  then  cleaning  with  deionised  water 
and  ethanol,  respectively.  The  specimens  were  pickled  in  10%  H2S04 
solution  before  electrodeposition. 

Galvanostatic  electrodeposition  was  carried  out  to  produce  a 
Co-Mn  alloy  layer  on  430SS  in  a  one-compartment  cell  using  a 
two-electrode  system  with  a  graphite  plate  as  the  anode  and  430SS 
as  the  cathode.  The  cathode  was  centred  between  two  graphite 
plates.  To  decrease  the  deposition  potential  difference  between  Co 
and  Mn  and  to  promote  the  co-deposition  of  Co-Mn  alloys,  a  novel 
chlorate  electrolyte  composed  of  0.05  M  CoCl2,  1.25  M  MnCl2, 
30  g  IT1  NH4C1,  20  g  L_1  NH4Br  and  0.05  M  EDTA— Na2  was  used  for 
electrodeposition.  The  addition  of  NH4Br  to  the  solution  is  aimed  to 
inhibit  the  evolution  of  chlorine  and  oxygen  on  the  graphite  anode. 
The  pH  value  of  the  solution  was  controlled  to  be  4.5.  All  solutions 
were  prepared  with  analytical  grade  reagents  and  deionised  water. 
The  Co-Mn  alloy  coatings  were  optimally  deposited  on  430SS  at  a 
current  density  of  125  mA  cm-2  for  0.5  h  under  ultrasonic  agitation. 
After  electrodeposition,  the  samples  were  treated  at  750  °C  for  2  h 
under  the  protection  of  high-purity  argon,  and  then  oxidized  at 
800  °C  in  air  for  2  h  to  obtain  thermally-grown  Co-Mn  spinel 
coatings. 

2.2.  Oxidation  measurements 

The  oxidation  of  the  uncoated  and  Co-Mn  spinel-coated  430SS 
was  conducted  at  800  °C  in  air  for  300  h  and  in  wet  air  containing 
10%H2O  for  100  h,  respectively.  The  air  oxidation  was  carried  out  in 
a  high  temperature  muffle  furnace.  The  samples  were  placed  in 
alumina  crucibles,  and  weighed  after  oxidation  for  various  lengths 
of  time.  The  wet  air  oxidation  was  conducted  in  a  pit-type  furnace 
with  a  quartz  tube  as  the  reaction  chamber.  Air  was  allowed  to  pass 
through  a  closed  isothermal  water  box  to  produce  wet  air  before 
flowing  into  the  reaction  chamber.  The  temperature  of  the  water 
box  was  kept  at  46  °C  corresponding  to  10%  water  vapour.  The  air 
flow  rate  was  controlled  to  be  400  ml  min-1.  When  the  furnace  was 
heated  to  800  °C,  the  reaction  chamber  was  purged  with  wet  air  for 
0.5  h  before  the  specimen  was  moved  into  the  reaction  chamber  for 
oxidation  measurements.  After  oxidation  for  a  certain  time,  the 
specimen  was  moved  out  of  the  furnace  and  then  weighed. 

2.3.  Area  specific  electrical  resistance  measurements 

The  area  specific  electrical  resistance  (ASR)  of  the  uncovered 
and  covered  steels  was  measured  using  a  setup  described  else¬ 
where  [37  .  Platinum  paste  was  applied  to  the  surfaces  of  the 
samples  oxidized  at  800  °C  in  air  for  300  h  and  in  wet  air  for  100  h, 
respectively,  and  then  platinum  foils  were  placed  on  the  top  of  the 
pastes  as  current  collectors.  Pt  wires  as  electric  leads  were  spot- 
welded  to  the  sides  of  Pt  foils.  The  resulting  resistance  of  Pt  wires 
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Fig.  1.  Surface  (a)  and  cross-sectional  (b)  morphologies  of  the  as-deposited  Co-Mn  alloy  layer  on  430SS. 


and  foils  were  deducted  from  the  original  results.  The  change  of 
ASR  with  temperature  in  air  was  measured. 

2.4.  Characterization  of  coatings 

X-ray  diffraction  (XRD)  using  PANalytical  diffractometer 
(X’Pertpro)  with  Cu  ka  radiation  source  was  employed  to  charac¬ 
terize  the  coatings  and  oxidation  products.  The  surface  and  cross- 
sections  of  the  samples  were  also  examined  by  scanning  electron 
microscope  (SEM)  (FEI  Inspect  FSEM)  equipped  with  an  Oxford 
energy  dispersive  X-ray  (EDX)  microanalysis  system. 

3.  Results  and  discussion 

3.1.  characterization  of  the  as-prepared  coatings 

Fig.  1  shows  the  surface  and  cross-sectional  morphologies  of  the 
as-prepared  Co-Mn  alloy  coatings  on  430SS.  The  coating  presents  a 
sphere-like  appearance  (Fig.  la).  Some  crevices  are  observed  be¬ 
tween  two  spheres,  probably  relating  to  the  evolution  of  hydrogen 
during  electrodeposition.  However,  the  cross-sectional  observa¬ 
tions  indicate  that  the  Co-Mn  alloy  layer  is  adherent  and  compact, 
with  chemical  composition  of  Co-22%Mn-l%Fe  (atom  percent)  for 
point  1  and  Co-25Mn-4%Fe-lCr%  for  point  2.  The  ratio  of  Co/Mn 
in  the  Co-Mn  alloy  layer  tends  to  decrease  slightly  with  the 
decrease  in  the  distance  to  the  coating/substrate  interface,  probably 
due  to  the  following  displacement  and  dissolution  reactions  during 
deposition  22]. 

Co2+  +  Mn  =  Co  +  Mn2+  (1) 

Mn  +  2H+  =  Mn2+  +  H2(gas)  (2) 

Fig.  2  gives  the  XRD  pattern  for  the  Co-Mn  alloy-coated  430SS 
annealed  at  750  °C  in  argon  for  2  h  and  then  oxidized  at  800  °C  in 
air  for  2  h.  It  is  clear  that  the  Co-Mn  alloy  layer  has  been  converted 
to  a  MnCo204  spinel  coating.  The  ratio  of  Co/Mn  in  the  spinel 
coating  is  lower  than  that  in  the  as-prepared  Co-Mn  alloy  layer, 
suggesting  that  a  large  amount  of  Mn  has  migrated  from  the  sub¬ 
strate  alloy  into  the  layer.  The  heat  treatment  in  argon  is  aimed  to 
eliminate  the  stress  generated  during  deposition  and  thus  promote 
the  formation  of  an  adhesive  coating.  The  experimental  results 
have  confirmed  that  if  the  as-prepared  Co-Mn  alloy  coating  is 
oxidized  directly  in  air,  the  thermally-grown  Co-Mn  spinel  coating 
is  prone  to  spallation.  Fig.  3  shows  the  cross-sectional  morphology 
and  an  EDX  line  scan  of  the  as-prepared  Co-Mn  spinel-coated 


430SS.  The  coating  is  continuous  and  exhibits  a  bi-layered  micro¬ 
structure  composed  of  an  external  MnCo204  layer  with  a  thickness 
of  around  5  pm  and  a  thin  inner  Cr-rich  layer  incorporated  with 
some  Mn  and  Co.  It  is  also  noted  that  some  voids  are  present  in  the 
coatings.  Theses  voids  mainly  result  from  the  condensation  of  all 
vacancies  generated  during  the  oxidation  of  the  Co-Mn  alloy  layer. 

3.2.  Oxidation  kinetics 

Fig.  4  gives  the  oxidation  kinetics  of  the  uncovered  and  Co-Mn 
spinel-coated  430SS  at  800  °C  in  air.  The  oxidation  of  430SS  follows 
approximately  a  parabolic  rate  law  during  the  experimental  dura¬ 
tion  of  300  h,  with  a  rate  constant  of  2.91  x  10-14  g2  cm-4  s-1.  The 
oxidation  of  the  Co-Mn  spinel  coated  430SS  obeys  approximately  a 
parabolic  rate  law  except  for  the  initial  stage,  with  a  rate  constant  of 
1.59  x  10~13  g2  cm-4  s-1.  After  oxidation  for  300  h,  their  mass  gains 
are  rather  small,  with  a  value  of  0.2  mg  cm-2  for  the  bare  steel 
lower  than  that  of  0.4  mg  cnrT2  for  the  coated  steel. 

Fig.  5  presents  the  mass  gain  curves  for  the  oxidation  of  the 
uncoated  and  coated  430SS  at  800  °C  in  wet  air.  Compared  to  the 
oxidation  in  air,  the  oxidation  in  wet  air  is  accelerated,  especially  for 
the  uncovered  steel.  After  an  incubation  oxidation  of  around  10  h 
with  a  low  mass  gain  430SS  suffers  from  a  breakaway  oxidation 
with  a  significantly  high  mass  gain.  This  breakaway  oxidation  may 
be  ascribed  to  that  the  partial  failure  of  the  protective  scale  formed 
in  the  incubation  stage  gives  rise  to  the  fast  growth  of  non- 
protective  Fe-rich  oxide  scales.  Unlike  the  uncovered  430SS,  a 


Fig.  2.  XRD  pattern  of  the  as-prepared  Co-Mn  spinel-coated  430SS  treated  at  750  °C 
in  argon  for  2  h  and  at  800  °C  in  air  for  2  h. 
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Fig.  3.  Cross-sectional  morphology  and  an  EDX  line  scan  of  the  as-prepared  Co-Mn  spinel  coated  430SS. 


Fig.  4.  Oxidation  kinetics  of  the  uncoated  and  Co-Mn  spinel-coated  430SS  at  800  °C  in 
air. 

breakaway  oxidation  is  not  observed  for  the  coated  430SS,  sug¬ 
gesting  that  the  coatings  can  inhibit  effectively  the  occurrence  of 
breakaway  oxidation  of  430SS  in  wet  air,  and  thus  improve  signif¬ 
icantly  its  oxidation  resistance. 

3.3.  Oxidation  products 

Figs.  6  and  7  give  the  XRD  patterns  of  the  uncovered  and  covered 
430SS  oxidized  at  800  °C  in  air  for  300  h  and  in  wet  air  for  100  h, 
respectively.  The  scale  formed  on  430SS  in  air  consists  of 


Fig.  5.  Oxidation  kinetics  of  the  uncoated  and  Co-Mn  spinel-coated  430SS  at  800  °C  in 
wet  air  containing  10%H2O. 


(Mn,Cr)304  and  Cr-rich  (Cr,Fe)203,  while  in  wet  air  Fe2C>3  is  also 
observed.  The  scales  on  the  coated  430SS  oxidized  in  both  envi¬ 
ronments  are  still  composed  of  MnCo204. 

Fig.  8  shows  the  surface  and  cross-sectional  morphologies  of 
430SS  after  oxidation  at  800  °C  in  air  for  300  h.  Although  a  thin 
scale  composed  of  external  (Mn,Cr)304  and  inner  Cr-rich  (Cr,Fe)203 
has  been  formed  on  the  alloy  surface,  it  has  a  poor  adhesion  to  the 
substrate.  Meanwhile,  a  Cr-depleted  layer  is  also  formed  beneath 
the  scale. 

After  oxidation  at  800  °C  in  air  for  300  h,  the  coating  still  ex¬ 
hibits  a  bi-layered  microstructure  consisting  of  a  thick  MnCo204 
outerlayer  and  a  thin  Cr-rich  inner  layer  incorporated  with  some 
Mn  and  Co,  as  shown  in  Fig.  9.  EDX  analysis  indicates  that  the 
chemical  composition  of  the  external  spinel  layer  is  inhomoge¬ 
neous  to  a  small  extent,  with  a  slight  decrease  in  the  ratio  of  Co/Mn 
with  the  decrease  in  the  distance  to  the  MnCo204  layer/Cr-rich 
layer  interface.  During  oxidation,  Mn  in  the  substrate  alloy  may 
diffuse  outward  to  contribute  to  the  growth  of  oxide  scales.  Cr  is  not 
detected  in  the  external  part  of  the  MnCo204  layer,  suggesting  that 
the  Co-Mn  spinel  coating  is  effective  in  inhibiting  the  outward 
diffusion  of  Cr.  Although  some  small  voids  are  observed  inside  the 
MnCo204  layer,  the  coating  shows  a  good  adhesion  to  the  substrate. 

In  wet  air,  however,  in  addition  to  a  Cr-rich  scale  large  amounts 
of  nodules  consisting  of  Fe  oxides  have  been  formed  on  the  un¬ 
coated  430SS,  as  shown  in  Fig.  10.  The  alloy  is  attacked  non- 
uniformly.  In  the  fast  corrosion  regions,  the  alloy  has  formed  a 
thick  scale  consisting  of  an  external  Fe  oxides  layer  and  a  Fe-rich 
(Fe,Cr)203  sublayer,  while  in  the  areas  corroded  slightly,  a  thin  Cr- 
rich  (Cr,Fe)203  scale  still  exists  on  the  alloy  surface.  When  the 
initially  formed  Cr-rich  scale  goes  through  partial  failure  and  a  Cr- 
rich  scale  cannot  re-form  on  the  alloy  surface,  some  Fe  nodules  can 
grow  over  the  substrate,  giving  rise  to  the  breakaway  oxidation.  The 
presence  of  water  vapour  accelerates  the  failure  of  the  Cr-rich 
scales  formed  on  430SS. 

Fig.  11  shows  the  cross-sectional  morphology  and  an  EDX  line 
scan  of  the  coated  430SS  corroded  at  800  °C  in  wet  air  for  100  h.  Just 
as  observed  in  air,  the  coating  corroded  in  wet  air  still  keeps  the 
original  bi-layered  microstructure  composed  of  an  external 
MnCo204  layer  and  an  inner  Cr-rich  layer  with  some  Mn  and  Co.  Cr 
is  not  detected  on  the  surface  of  MnCo204  layer,  indicating  that  the 
MnCo204  layer  can  suppress  effectively  the  outward  diffusion  of  Cr 
from  the  Cr-rich  scale. 

3.4.  ASR  measurements 

Fig.  12  gives  the  change  of  ASR  with  temperature  in  air  for  the 
uncoated  and  coated  430SS  oxidized  at  800  °C  in  air  for  300  h  and 
in  wet  air  for  100  h.  ASR  for  all  samples  decreases  with  increasing 
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Fig.  6.  XRD  patterns  of  the  uncoated  (a)  and  Co-Mn  spinel-coated  (b)  430SS  after  oxidation  at  800  °C  in  air  for  300  h. 


Fig.  7.  XRD  patterns  of  the  uncovered  (a)  and  Co-Mn  spinel-coated  430SS  (b)  oxidized  at  800  °C  in  wet  air  for  100  h. 


temperature,  suggesting  that  the  scales  exhibit  the  characteristic  of 
an  n-type  semiconductor.  ASR  at  800  °C  for  the  coated  430SS 
oxidized  at  800  °C  in  air  for  300  h  is  around  24  mQ  cm2  obviously 
lower  than  the  value  of  40  mQ  cm2  for  the  uncoated  steel.  ASR  at 
800  °C  for  the  coated  430SS  oxidized  at  800  °C  in  wet  air  for  100  h  is 
around  27  mQ  cm2  significantly  lower  than  the  value  of  80  mQ  cm2 
for  the  uncovered  430SS.  It  is  clear  that  the  Co-Mn  spinel  coatings 
can  decrease  ASR  of  430SS,  and  the  presence  of  10%H2O  in  air  ac¬ 
celerates  the  oxidation  of  430SS  and  thus  increases  its  ASR. 


3.5.  Discussion 

The  oxidation  of  430SS  at  800  °C  in  air  follows  approximately  a 
parabolic  rate  law  during  the  experimental  duration  of  300  h, 
forming  a  Cr-rich  scale  with  a  poor  adhesion  to  the  substrate,  while 
in  wet  air  the  alloy  goes  through  breakaway  oxidation  after  an  in¬ 
cubation  oxidation.  Although  the  Co-Mn  spinel  coating  has  a  larger 
mass  gain  in  air  than  the  uncovered  430SS,  it  is  adherent,  and  can 
inhibit  effectively  the  outward  diffusion  of  Cr.  Moreover,  the 


Fig.  8.  Surface  (a)  and  cross-sectional  (b)  morphologies  of  the  uncovered  430SS  oxidized  at  800  °C  in  air  for  300  h. 
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Fig.  9.  Cross-sectional  morphology  and  an  EDX  line  scan  of  the  Co-Mn  spinel-coated  430SS  after  oxidation  at  800  °C  in  air  for  300  h. 
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Fig.  10.  Cross-sectional  morphologies  of  the  uncoated  430SS  after  oxidation  800  °C  in  wet  air  for  100  h. 


distance(pm) 

Fig.  11.  Cross-sectional  morphology  and  an  EDX  line  scan  of  the  Co-Mn  spinel-coated  430SS  after  oxidation  at  800  °C  in  wet  air  for  100  h. 


coating  stops  the  occurrence  of  breakaway  oxidation  of  430SS  in 
wet  air  and  the  outward  diffusion  of  Cr  during  the  experimental 
duration  of  100  h. 

The  presence  of  water  vapour  in  air  accelerates  significantly  the 
oxidation  of  430SS.  It  has  been  known  that  water  vapour  increases 
obviously  the  corrosiveness  of  environments  and  increases  the 
critical  Cr  content  needed  to  form  a  Cr-rich  scale  [38,39].  The  effect 
of  water  vapour  on  the  oxidation  of  alloys  at  high  temperatures 
has  been  investigated  extensively.  Some  mechanisms,  such  as  the 
change  of  material  transport  mechanisms  in  alloy  [40  ,  the  change 
of  defect-dependent  properties  of  oxide  scales  due  to  the 


incorporation  of  hydrogen  [41,42],  and  the  vaporization  of  chromia 
scale  from  a  protective  Cr-rich  oxide  to  a  less  protective  Cr02(0H)2 
[43-45]  have  been  established  to  explain  the  accelerated  corro¬ 
sion  induced  by  water  vapour.  Cr  can  be  lost  from  the  protective 
Cr-rich  scale  on  430SS  exposed  to  wet  air  by  the  following  reaction 
[27]: 

Cr203(s)  +2H20(g)  +  1.502(g)^2Cr02(0H)2(g)  (3) 

Cr  vaporization  from  MnCr2C>4  can  be  expressed  by  the  reaction 

(4): 
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Temperature  (°C) 

Fig.  12.  ASR  as  a  function  of  temperature  for  the  uncoated  and  Co-Mn  spinel-coated 
430SS  after  oxidation  in  air  for  300  h  and  wet  air  for  100  h. 


2MnCr204(s)  +  |o2(g)  +  3H20(g)  ->Mn2Cr04(s) 

+  3Cr02(0H)2(g)  (4) 

In  case  the  supply  of  Cr  from  the  alloy  to  the  oxide  scale  is 
insufficiently  rapid  to  maintain  a  high  Cr  concentration  in  the  scale, 
iron  can  diffuse  easily  outward  to  form  nodules  of  Fe  oxides.  In  the 
present  study,  430SS  forms  a  continuous  Cr-rich  scale  beneath 
which  a  Cr-depleted  zone  is  generated  in  the  incubation  stage  with 
a  low  mass  gain.  However,  after  oxidation  for  a  short  time,  the  alloy 
goes  through  breakaway  oxidation  with  a  high  mass  gain.  This 
accelerated  oxidation  is  ascribed  to  that  the  initially  formed  Cr-rich 
scale  on  430SS  suffers  from  partial  failure  and  a  new  Cr-rich  scale 
cannot  be  re-formed  due  to  insufficient  Cr  content.  In  fact,  the  low 
chromium  content  (17  wt.%)  of  430SS  is  insufficient  to  maintain  the 
growth  of  a  protective  Cr2C>3  scale.  Meanwhile,  the  poor  adhesion  of 
the  Cr-rich  scales  formed  on  430SS  also  promotes  the  occurrence  of 
breakaway  oxidation.  The  spinel  coatings  retard  significantly  the 
occurrence  of  breakaway  oxidation  of  430SS  in  wet  air  and  inhibit 
the  outward  diffusion  of  Cr  from  the  Cr-rich  scale. 

The  spinel  coatings  not  only  improve  the  oxidation  resistance  of 
430SS,  but  also  decrease  its  ASR.  The  measured  ASR  includes  the 
resistance  of  the  scale/coating  and  its  interface  with  the  substrate 
and  Pt  electrode.  The  scale  composition  and  thickness  have  a  great 
effect  on  the  values  of  ASR.  ASR  for  the  coated  430SS  after  oxidation 
in  both  air  and  wet  air  includes  the  resistance  of  the  coating 
(external  MnCo204  layer  and  inner  Cr-rich  layer  incorporated  with 
some  Mn  and  Co)  and  its  interface  with  the  substrate  and  Pt  elec¬ 
trode.  ASR  of  the  uncovered  430SS  includes  the  resistance  for  the 
bi-layered  scale  composed  of  external  (Cr,Mn)304  and  inner  Cr-rich 
(Cr,Fe)203,  and  its  interface  with  the  substrate  and  Pt  electrode.  The 
electrical  conductivity  of  MnCc^CH  at  800  °C  in  air  is  around 
50  S  cm-1  which  is  more  than  three  orders  of  magnitude  higher 
than  that  of  0*203  (1  x  1CT2  S  cm'1)  and  two  orders  of  magnitude 
higher  than  that  of  MnCr204  (0.5  S  cm-1)  [30,46,47  .  Therefore,  the 
fact  that  the  coated  steel  has  a  significantly  lower  ASR  than  the 
uncovered  steel  is  ascribed  to  that  the  coatings  have  a  higher 
electrical  conductivity  than  the  oxide  scales  grown  on  430SS. 
Meanwhile,  the  poor  adhesion  of  the  oxide  scales  on  430SS  may 
also  increase  its  interface  resistance  with  the  substrate  and  thus  its 
ASR.  The  presence  of  water  vapour  accelerates  greatly  the  corrosion 
of  430SS,  giving  rise  to  the  formation  of  large  amounts  of  nodules, 
and  thus  a  great  increase  in  ASR. 

Garcia-Vargas  et  al.  [20]  employ  atmospheric  plasma  spraying 
and  wet  powder  spraying  methods  to  prepare  a  bi-layered  spinel 


coating  composed  of  an  external  porous  MnCo204  layer  and  an 
inner  relatively  dense  MnCo204  layer.  ASR  for  the  coating  is 
50  mQ  cm2  after  600  h  of  oxidation  at  800  °C  in  air.  Yang  et  al.  [21  ] 
have  prepared  a  Co-Mn  spinel  coating  with  the  nominal  compo¬ 
sition  of  Mn1.5C01.5O4  by  screen  printing  on  Crofer  22  APU  sub¬ 
strates.  ASR  for  the  spinel  coated  substrates  is  approximately 
10  mfi  cm2  after  1000  h  of  oxidation  in  air  at  800  °C.  Wei  et  al.  22] 
develop  a  (Co,Mn)304  spinel  layer  obtained  by  sequential  electro¬ 
deposition  of  Mn  and  Co,  and  then  by  oxidation  treatment  on  AISI- 
ASE  430  stainless  steel  substrates.  ASR  for  the  coating  is  rather  low 
at  750  °C  after  1500  h  of  oxidation,  with  a  value  of  3  mfi  cm2.  In  the 
present  investigation,  ASR  at  800  °C  for  the  coated  430SS  oxidized 
at  800  °C  in  air  for  300  h  and  in  wet  air  for  100  h  is  around  24  and 
27  mQ  cm2,  respectively,  which  are  significantly  lower  than  the 
generally  accepted  upper  limit  of  100  mQ  cm2  for  SOFC  intercon¬ 
nect  [48].  However,  the  coating  still  exhibits  higher  ASR  values  than 
the  spinel  coatings  reported  in  Refs.  [21,22  ,  probably  due  to  that 
the  coating,  especially  the  inner  Cr-rich  layer  is  thicker. 

4.  Conclusions 

An  adhesive  Co-Mn  spinel  coating  has  been  prepared  success¬ 
fully  on  430SS  by  galvanostatic  electrodeposition  of  a  Co-Mn  alloy 
layer  in  a  chlorate  electrolyte  suspension  composed  of  0.05  M 
CoCl2, 1.25  M  MnCl2,  30  g  L_1  NH4C1,  20  g  L-1  NH4Br  and  0.05  M 
EDTA-Na2,  followed  by  heat  treatment  at  750  °C  in  argon,  and  at 
800  °C  in  air,  respectively.  The  coatings  exhibit  a  bi-layered 
microstructure  composed  of  an  external  MnCo204  layer  and  inner 
Cr-rich  oxide  layer  incorporated  with  some  Mn  and  Co.  Although 
the  mass  gain  of  the  coatings  oxidized  at  800  °C  in  air  for  300  h  is 
higher  than  that  of  the  uncovered  430SS,  the  coatings  show  much 
better  adhesion  to  the  substrate  than  the  oxide  scale  on  430SS.  In 
10%H2O-containing  air  430SS  suffers  from  breakaway  oxidation 
with  a  significantly  high  mass  gain  after  a  short-term  incubation 
oxidation  with  a  low  mass  gain.  This  kind  of  breakaway  oxidation  is 
related  to  the  partial  failure  of  the  initially  formed  Cr-rich  scale  and 
then  the  growth  of  large  amounts  of  Fe  nodules.  Applying  Co-Mn 
spinel  coatings  can  inhibit  greatly  the  occurrence  of  breakaway 
oxidation  of  430SS.  The  coatings  still  keep  the  bi-layered  micro¬ 
structure  even  after  oxidation  in  both  air  and  wet  air.  ASR  at  800  °C 
in  air  for  the  coated  steel  oxidized  at  800  °C  in  air  for  300  h  and  in 
wet  air  for  100  h  is  24  and  27  mQ  cm2,  respectively,  which  are  lower 
than  that  for  the  uncovered  steel.  The  low  ASR  of  the  coated  430SS 
is  ascribed  to  that  the  electrical  conductivity  of  the  coatings  is 
significantly  higher  than  that  of  the  oxide  scales  grown  on  the 
uncovered  430SS. 
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